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Vorwort

Das Wasser ist ein freundliches Element
für den, der damit bekannt ist und es 

zu behandeln weiss

J.W. von Goethe

Damit wir das ‘Wasser behandeln können’
brauchen wir die Kenntnis über den Wasser-
haushalt von Einzugsgebieten. Wir brauchen
nicht nur Kenntnis über den heutigen Wasser-
haushalt, sondern sollten auch Informationen
über die zeitliche Variabilität der Wasserbilanz
haben.

Seit Jahren werden im Rahmen der KHR
Arbeiten durchgeführt, welche den Einfluss von
Klimaänderungen auf den Wasserhaushalt des
Rheingebietes untersuchen. Eine Übersicht über
diese Arbeiten findet sich in der KHR-Publika-
tion I-16 ‘Impact of Climate Change on Hydro-
logical Regimes and Water Resources Manage-
ment in the Rhine Basin’.

Der vorliegende Bericht beschreibt die
Entwicklung und das Testen des Wasserhaus-
haltmodelles RHINEFLOW, welches auf der
Anwendung eines Geographischen Informa-
tionssystems (GIS) beruht und monatliche Ab-
flüsse im Rhein berechnet.

Die Arbeiten wurden von den Herren J.
Kwadijk und W. van Deursen im Institut für
Physische Geographie der Universität Utrecht
durchgefürt. Die KHR dankt den beiden Herren
für die wertvolle Untersuchung.

Der Präsident der KHR
Prof. Dr. M. Spreafico

Préface

L’eau est un élément amical
pour celui à qui elle est familière

et qui sait comment se conduire envers elle

J.W. von Goethe

Pour «nous conduire envers elle» de façon
correcte, nous devons connaître le bilan
hydrique des bassins versants. Non seulement
les bilans actuels sont nécessaires, mais aussi
leur variabilité dans le temps.

La CHR mène depuis des années des
recherches sur l’influence des modifications cli-
matiques sur le bilan hydrique. Une vue
d’ensemble de ces travaux se trouve dans la
publication I-16 de la CHR «Impact of Climate
Change on Hydrological Regimes and Water
Resources Management in the Rhine Basin».

Le présent Rapport décrit le développe-
ment et le contrôle du modèle de bilan RHINE-
FLOW, reposant sur un système d’information
géoréférée (SIG) et permettant le calcul des
débits mensuels du Rhin.

L’étude a été réalisée par MM. J. Kwadijk
et W. van Deursen de l’Institut de géographie
physique de l’Université d’Utrecht. La CHR les
remercie pour leurs recherches.

Le président de la CHR
Pr Dr M. Spreafico
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ABSTRACT

A water balance model, called RHINEFLOW, has been developed, to investigate month to
month changes in the water balance compartments in the Rhine basin. The model is based on a Geo-
graphical Information System (GIS). RHINEFLOW is designed to study the sensitivity of the dis-
charge of the River Rhine to a climatic change. The model development is part of a project initiated
by the Commission for the Hydrology of the Rhine Basin (CHR/KHR). The major objective of this
project is to study the impact of climate and land use changes on the River Rhine.

RHINEFLOW uses the standard meteorological input variables of temperature and precipita-
tion, and the geographical data on topography, land use, soil type and groundwater flow characteris-
tics. These parameters are stored in a raster GIS with a spatial resolution of 3*3 km. Calculations of
evapotranspiration, runoff and snow-melt, are based on the Thornthwaite-Mather method for actual
and potential evapotranspiration and a temperature-index method for snowfall and snow-melt. The
model separates monthly water surplus into direct runoff, which comes to discharge in the same
month, and delayed runoff. Stream flow calculations are corrected by using data on lake water stor-
age changes and changes of water storage as glacier ice. The model produces time series for the river
discharge. It also produces maps showing the temporal and spatial distribution of a number of hydro-
logical variables such as potential and actual evapotranspiration, snowfall percentage, snow cover
duration etc.

RHINEFLOW has been developed in conjunction with the raster GIS using the WATERSHED
toolkit. WATERSHED is a set of utilities developed for hydrological and geomorphological model-
ling that can be linked to a raster GIS. These utilities allow water balances to be modelled for each of
the cells of the raster system. The utilities include a geomorphological routing routine which allows
water computed from the water balance to flow along the drainage network to the outlet of a catch-
ment.

The model is calibrated and tested by comparing calculated and observed discharge, snow
water storage and evapotranspiration. RHINEFLOW has been calibrated using the relative wet
1965-1969 period and has been validated on the 1956-1980 period. Despite its simplicity, the model
performs quite accurately. Except for one station, annual discharge is estimated by the model within
5 percent of the observed value for sub-catchments (3,000 km2 and larger) under different environ-
mental conditions, as well as for the whole catchment (160,000 km2). Model performance on month
to month variation in stream flow is tested with the coefficient of efficiency, an indication of good-
ness of fit. Depending on the sub-basin, the model efficiency ranges between 0.72 and 0.81. Com-
paring model average areal monthly actual evapotranspiration with published data showed that the
model is capable to represent the actual evapotranspiration accurately both in the Alpine basins and
in the lowland basins. Also snow water storage is quite well represented at different latitude zones in
the Alps.

Sensitivity studies have been carried out for average annual precipitation changes between
–20% and +20%, combined with average annual temperature changes between 0°C and +4°C. The
results show that, within this range, the discharge in the downstream (Dutch) part of the River Rhine
is more sensitive to a change in precipitation than to a temperature change. With respect to climate
change this implies that future precipitation scenarios must be quite accurately indeed, to be used for
hydrological impact studies. For the development of a detailed model for the River Rhine, in the first
place research effort must be put into the accurate estimation of areal precipitation. Secondly, the
evapotranspiration and snow-melt processes should be modelled on a physical basis since these are
the most sensitive for climate change. The water movement in the soil and in the lower aquifers can
be can modelled empirically because there is no possibility to obtain the data necessary for model-
ling this water flow physically; and it is unlikely that the properties of these compartments will alter
under a climate change.
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1 INTRODUCTION

The climate is expected to change due to the enhanced greenhouse effect. This will change pre-
cipitation and temperature distribution in time and space. Consequently stream flow is expected to
change in volume and distribution over the year. Long-term strategies for future river management
require quantitative information on these changes. In order to obtain this information hydrological
models can offer an important tool.

In Western Europe the River Rhine is the most important river. Its basin of approximately
185,000 km2 stretches from the Alps to the North Sea (fig.1). Two thirds of its basin are situated in
the Federal Republic of Germany. The Alpine countries, of which Switzerland is the most important,
form 20% of the area.

The river has the world’s highest traffic density for inland waterways. Besides this navigation
its economic importance is great because it forms the water supply for industrial, domestical and
agricultural purposes. In the downstream region (The Netherlands) large amounts of Rhine water are
used to prevent salt intrusion in the Rotterdam Waterway and flush out saline upward seepage from
the deep groundwater in the low-lying polder area (CHR/KHR, 1976).

Possible future changes in discharge and river behaviour, as a result of a climatic change, as
triggered by a greenhouse effect, may have large impact on the above mentioned water supply.

9

Figure 1 Location map



1.1 Hydrological setting of the Rhine basin

The water balance of the River Rhine has been studied with respect to changes in different
water balance compartments on a monthly time basis for the periods 1958-1959, 1969-1970 and
1976 (CHR/KHR, 1976; CHR/KHR, 1983). According to these studies the discharge of the River
Rhine is mainly determined by the amount and timing of precipitation, the general evapotranspira-
tion surplus during the summer period and changes in the amount of groundwater and soil water
storage. For the area upstream of Basel (Switzerland) the hydrograph is determined by changes in
the amount of snow storage, which are determined by both temperature and precipitation and in the
amount of water stored in the lakes, which are mostly artificially regulated. For the basin down-
stream of Basel these processes are of minor importance. In this part monthly runoff is mainly deter-
mined by groundwater recharge. Groundwater recharge is less important in the Alpine area because
the volume of unconsolidated sediments, potential aquifers, is small. On the basis of these hydrolog-
ical properties and landform the basin can be divided into a mountain area (Alps) upstream of Basel
and a middle and lowland part downstream of Basel. The flow regime of the Rhine is characterised
by the hydrographs of a number of gauging stations along the river (Fig.2). Although the area
upstream of Basel represents only 20% of the total area of the Rhine catchment, it produces almost
50% of the discharge of the river. In dry periods, like the summer of 1976, the proportion of the dis-
charge coming from the Alps can increase to 95% (CHR/KHR, 1983).

1.2 Current knowledge of impact of climate change on water resources

With respect to changes in runoff and water resources due to climate change, changes in evapo-
transpiration and precipitation patterns are highly relevant. Ideally, the climate simulations from
General Circulation Models (GCMs.) could be used directly to drive hydrologic models. However,
the accuracy of their present predictions of climatic change are insufficient for use in hydrological
simulation studies on a regional scale (W.M.O., 1987) or e.g. on the scale of the drainage area of the
River Rhine. This is caused by the low spatial resolution of the climate models, the low significance
of the results of their present-day precipitation calculations and the restriction of their output to aver-
age values. Because of these uncertainties usually hypothetical scenarios of precipitation are used,
ranging from –25% to +25% (e.g. Mimikou et al., 1991). Estimations of changes in annual runoff
due to climatic change range from a decrease of 40-75% (Revelle and Waggoner, 1983) to an
increase of 0-100% (Idso and Brazel, 1984), depending on the assumptions used. In a theoretical
approach Wigley and Jones (1984) showed that annual runoff depends more on precipitation
changes than on changes in evapotranspiration. More recently Bultot et al.(1988), using a conceptual
daily step model, showed that climatic warming will result in increased winter runoff and decreased
summer runoff for medium-sized catchments in Belgium. The exact nature of these changes depends
on the geohydrological properties of the basins. Mimikou et al. (1991) showed for medium-sized
basins in Greece that, in basins where regional characteristics limit water retention, a minimal sensi-
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Figure 2 Hydrographs for major gauging stations along the River Rhine
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tivity of runoff to temperature changes is exhibited. The study also showed that effects of precipita-
tion change upon the quantities of runoff are characterised by a magnification factor. Table 1 shows
an overview of the results on the assessment of the effect of climate changes on river runoff in North
America and Western Europe (Shiklomanov, 1989). For larger drainage basins only scenario analy-
sis for discharge changes on a seasonal to annual time basis have been carried out. An example is the
study into the stream flow changes of the Sacramento river (Gleick, 1987b).

From these studies the conclusion can be drawn that none of the existing approaches is useful
for a spatially distributed modelling of the effects of climate change in large basins on a monthly
time basis, since they all act on a longer temporal resolution or on a lower spatial resolution.

1.3 Current knowledge about the impact of climate change on the River Rhine

The scenario for a changed discharge of the River Rhine used by the Dutch Institute for Inland
Water Management and Waste Water Treatment (Rijkswaterstaat/RIZA), assumes a decrease of at
most 10% in summer discharge and an increase of at most 10% in winter discharge as a ‘Worst
Case’ scenario (Rijkswaterstaat, 1988). This scenario uses global GCM results that estimate a 10%
increase both of precipitation and of evapotranspiration. The scenario also expects increasing snow-
melt in the winter period in the Alpine part of the basin due to the temperature rise. Recently a study
was carried out to estimate the sensitivity of discharge of the River Rhine to two environmental
changes. Firstly to a change in snow covered area due to a rise of 4EC in winter temperature in the
upland part (Alps) of the drainage area and, secondly, to a large land use change in the lowland area
between Basel and Lobith (The Netherlands). The main result was that both environmental changes
altered the discharge at the downstream (Dutch) part of the River Rhine about 10%. The land use
change resulted into a 9-10 % decrease of the annual runoff while the temperature change resulted
into a decrease of 13-15 % in summer discharge. The results of the estimations also indicate that the
reduction of the summer discharge due to climate change could be larger than the ‘Worst Case sce-
narios’ mentioned (Kwadijk, 1991).

Hitherto no precipitation-runoff models have been developed with an ability to simulate the
discharge of the River Rhine at a catchment size of the major tributaries. Therefore a KHR/CHR
project to assess the impact of climate and land use changes on the discharge pattern of the River
Rhine started recently. The main objective of this project is to develop a water management model
that can be used to simulate changes of the daily discharge of the River Rhine and its tributaries as a
result of climate and land use changes. For this project departments for river management of the Rhi-
ne countries cooperate, together with several universities. The project uses a bottom-up approach to
develop this model. The drainage basin is divided into four distinct sub-areas, the Alpine region, the
Middle mountains, the undulating so-called Schichtstufen area and the lowland area. During the first
phase of the project, models for representative drainage basins within each of the sub-areas will be
developed. They should as far as possible describe the hydrological processes on a physical basis. In
the second phase of the project these models will be coupled (CHR/KHR, 1991).

However, such models are both complex and demanding in terms of data input and computer
capacity. Since data for meteorological and hydrological variables are relatively easy to obtain, as a
first step a simple water balance model has been developed to provide information within a short
time on a lower temporal (month) and spatial resolution (major tributaries). This report deals with
the development of this water balance model.

1.4 Objective

The objective of this study is to develop and test a model, named RHINEFLOW, for the River
Rhine that is able to describe the changes in the water balance compartments on a monthly basis on
the scale of the entire basin and its tributaries. The model is based on a GIS (Geographical Informa-
tion System). The purpose of the model is to estimate the sensitivity of the runoff regime of the
River Rhine to possible changes in precipitation and temperature. The approach assumes that the
hydrological processes responsible for runoff production will not change as a result of climate chan-
ge. It is the purpose to evaluate this type of model for its use for climate effect studies.



2 MODEL CONCEPT

2.1 General

The hydrological cycle of a drainage basin can be viewed as a series of storages and flows. A
water balance is often used as a framework to describe the transformation of input (precipitation)
through this cycle. In such a model the water budget can be reduced to a simple mass balance equa-
tion:

Inflow – Outflow = Storage Change

The simplest water balance models have a single store or two stores. For the single store, its
contents are determined by the single (or multiple) inflows and outflows. For two stores, the outflow
of the first store forms the inflow of the next. The stores can represent successive sections down a
river channel or different layers within the ground. An extension is to a chain of stores representing
an area, with the possibility of flows from cell to cell. (e.g. Kirkby et al., 1987).

In a water balance model for catchment hydrology, inflow is determined by precipitation and
outflow by river flow and evapotranspiration. Storages are vegetation storage, surface detention,
snow and glacial storage, soil storage, groundwater storage, lake and channel storage. Several flow
types can be characterised between the storages, e.g. through fall from the vegetation on the ground,
surface flow if the through fall exceeds the infiltration capacity of the soil, gravity flow from the soil
to the groundwater, through flow from the soil to the channel and base flow from the groundwater to
the channel. Inflow and outflow in the various storages are controlled by external factors, such as
soil type for the infiltration capacity, landform for surface runoff and vegetation for interception and
vegetation storage. To which extend the different storage compartments and flows are incorporated
into a model concept, depends on the application of the model and the temporal and spatial scale at
which it might reasonably be expected to work.

The algorithms used to describe the different flows through the compartments may differ from
completely empirical to more conceptual, depending on how much consideration is given to the phy-
sical processes acting on the input variables to produce the outflow.

During the last decades many models have been developed that describe the transformation of
precipitation into runoff (e.g. Franchini and Pacciani, 1991). However, existing models that can be
applied to different basins such as the SACRAMENTO model, TOPMODEL (Beven et al. 1984), and
the SHE model (Abbot et al., 1986), require large detailed data sets both in space and in time. Even in
a densely measured area such as the River Rhine catchment, data for many of the parameters such as
geo-hydrological properties, land management and vegetation types, and hydraulic channel properties
are only available at a very low spatial resolution. One can use statistical methods to estimate these
values from small scale plots or laboratory studies, but the problems of up-scaling these parameters
and variables to large scale phenomena are still unsolved (e.g.. Beven, 1989). This implies that there
are no accurate data to feed these models. Finally, due to their large spatial and temporal resolution
the models are very time consuming in computing when used for a large catchment as the River Rhi-
ne. Consequently, these models are too complex for an approach to model the Rhine catchment on a
monthly time basis using a limited data set and limited computing resources. As a result, the discus-
sions between the members of the CHR-KHR lead to the conclusion that there were no existing
models that could be integrally used for modelling the River Rhine (CHR/KHR, 1991).

2.2 Model concept of the RHINEFLOW model

Since no existing models were appropriate, we developed a new model, named RHINEFLOW.
RHINEFLOW uses a frame work of the major storage compartments as published by the CHR-KHR
(CHR/KHR, 1976). The discharge regime of the Rhine is governed by five major natural storages
and controls:

� The amount of precipitation and its spatial distribution.
� The temperature distribution in the catchment, which mainly depends on the topography. This

distribution forms the main control for the amount of snow storage, snow-melt and potential
evapotranspiration in the catchment.
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� Soil moisture storage/shallow ground water which gains water from the surplus of precipitation
and looses water to evapotranspiration, to seepage to the deeper groundwater and to the direct
runoff.

� Deeper Groundwater storage which gains water from the soil water seepage and looses water to
the river base flow.

� The distribution of the land use and soil water storage capacity in the catchment, which control
the actual evapotranspiration.

One additional storage can be recognised, which is mainly determined by human management:

� Storage in lakes.

Since these storages and controls vary spatially, the model variables and parameters are stored
in a raster Geographical Information System (GIS).

RHINEFLOW describes the water balance at location (x) in month ‘i’ by:

Ri = Pi – AEi + dSi (mm)

Si = SSi + GWSi + SNSi (mm)

in which

R = the runoff (mm),
P = is precipitation (mm),
S = the water volume stored in the soil, snow and groundwater (mm),
AE = water loss due to actual evapotranspiration (mm),
dS = change in water volume stored (mm),
SS = water stored in the soil and as shallow groundwater),
GWS = the water stored in aquifers and as deeper groundwater),
SNS = the amount of water stored in the snow cover.

This approach assumes that water balance at a time (t) in a location (x) depends only on the
local previous conditions at (t-1) of the storages and the water produced by precipitation and snow-
melt at (t). Water produced by overland flow in one location is not expected to supply to infiltration
in another (lower) area. It assumes that all water for runoff produced at (x,t) is assigned to the stream
flow. Whether or not this assumption is accurate, depends on the scale the model has been developed
for. This is discussed in section 3 and 4.

To obtain stream flow in a catchment from local water production the water production in the
upstream area must be known. Hence, the spatial connection of the geographical sub-elements in the
catchment must be known. In this study these elements are represented by the grid-cells of the raster
GIS. The approach to connect the elements is based on geomorphologic routing. Each grid-cell
drains towards the lowest neighbouring grid-cell, and by subsequently following the direction
towards the lowest neighbour, the flow path of runoff is established. This assumes that groundwater
will flow in the same direction as the surface water. Although within a catchment local groundwater
flow direction may be different from that of the surface water, over large areas they will approxima-
tely be the same. Therefore, this is a reasonable assumption for large areas. Figure 3 shows a flow
diagram for the RHINEFLOW model concept.
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To model the changes in the compartments the following steps are necessary:

1 Read input data for a certain location (x,y) and time step (t).
2 Carry out the necessary calculations to determine the water balance at (x,y,t) from the initial con-

ditions at (x,y,t-1) and the new input data.
3 Determine the spatial connection between the cell (x,y) and the outlet of the catchment.
4 Carry out the calculations to determine the discharge at the outlet of the catchment(s), based on

the spatial connectivity.
5 Produce output data series or maps, to enable others (users or models) to use the results of the

model.
6 Carry out the water balance calculations repeatedly in order to model dynamically and to produce

time series as a result.

To carry out these procedures the RHINEFLOW model has been developed using the GIS tool-
box WATERSHED. This toolbox is not an implementation of one specific model, but a set of
modules for building spatially distributed (hydrological) models. (Van Deursen and Kwadijk, 1990
and 1993). The approach is basically an extension of the one used by Tomlin (1983) when he desi-
gned the Map Analysis Package. The tools include modules to perform grid-cell calculations, input
and output from time series and the possibility to derive spatial connections (drainage networks)
from Digital Elevation Models.

In the following sections the equations used by RHINEFLOW to describe the flows between
the different stores are discussed (section 3). The GIS data base used is presented (section 4) and the
implementation of the RHINEFLOW model into the WATERSHED tools is shown (section 5).

15

Figure 3 Flow diagram of the RHINEFLOW model





3 MODELLING FLOW TYPES BETWEEN THE WATER BALANCE COMPARTMENTS

3.1 Snow cover storage and snow-melt

Snow-melt is generally calculated on a time basis of one day or shorter. The models that descri-
be the storage and melt processes vary from energy balance models simulating the flow of mass and
energy in the snow cover to simple black box models that simulate daily discharges using average
daily precipitation and temperature (Braun, 1985). The latter type of models are referred to as tempe-
rature-index snow-melt models. Despite their low physical basis, they are widely used in forecasting
discharge in snow covered basins. The general form of these models is:

L
Qs = (Tm – To)*co (––– )t–l

in which

Qs = the snow-melt (L*t–1)
Tm = the average daily temperature (K)
T0 = a critical temperature above which snow-melt starts (K)
c0 = the melt rate per degree Celsius (L*K–1*t–1).

The procedure to calibrate these models is to find a set of T0 and c0 which gives in combination
with a discharge model the best fitting hydrograph compared with the observed one (e.g. Braun,
1985; Moussavi et al., 1989; Gleick, 1987a). The optimal set of T0 and c0 can vary considerably from
basin to basin and from year to year (Braun, 1985). Only recently, reliable data on long-term average
Snow Water Equivalents (SWE) for different locations in the Alps became available, which permits
an independent control of the snow module (Martinec et al., 1992). However, since snow storage is
strongly dependent on local conditions, point data can only give a rough estimate for snow storage
over large areas. The amount of water stored as snow during the winter period over large areas is not
yet known. A research project into the up-scaling of the point data on SWE to areal values is still in
progress (Braun, pers. comm.). Snow storage and snow-melt calculations on a monthly time basis
can give only a very rough indication of the snow cover changes because in large parts of the Alpine
area snow cover build-up and decay takes place several times a month (Braun, 1985). Gleick (1987a)
states that temperature-index models using monthly data give a poor representation of the discharge
during periods of snow-melt. For the Sacramento model he uses the equations of Thornthwaite-
Hylckama based on average monthly temperature as a trigger determining when snow-melt starts
and altitude which determines the rate of snow-melt when started.

We chose a simple temperature-index model based on average monthly temperature because test
runs gave reasonable results in calculating spring discharges and timing of the snow-melt in different
basins in the Alpine region. T0 and c0 were determined by calibration of the calculated winter and
spring hydrographs to the observed ones for the catchments in the Alpine region. A critical tempera-
ture (T0) at which snow-melt starts of zero degrees Celsius and a melt rate of 18 (mm*C–1*month–1)
offered the best results.

3.2 Evapotranspiration and water storage in upper soil layers

In the Rhine drainage basin methods for calculating evapotranspiration differ from country to
country. In Germany the equations of Haude, while in the Netherlands those of Makkink are used.
There is no standard method to convert the results obtained from the different methods to each other.
Since monthly temperature data are easily available and GCM output of temperature is relatively
well validated (e.g. Washington and Meehl, 1984; Wilson and Mitchell, 1987), we determine evapo-
transpiration using the temperature dependent Thornthwaite equation. For actual evapotranspiration
the results were modified with a factor for different rates of evapotranspiration as a function of land
use type. This factor was determined in the first place by calibration of the calculated average annual
runoff for the entire basin to the observed annual runoff. Differences between land use types are
based on published data. (Brechtel and Scheele 1982). Using the equations of Thornthwaite and
Mather (1957) the calculations for actual evapotranspiration also take possible soil water deficien-
cies into account. This approach is also followed by Gleick (1987a) in the Sacramento basin and by
Thompson (1992). This method has been criticised as overly simplistic but ‘despite its inherent sim-
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plicity and limitations Tornthwaite’s method does surprisingly well’ (Penmann, 1956). Thornthwai-
te’s method has been evaluated recently by Pereira and de Camargo (1989). They also found it
reliable and in their opinion many of the past criticisms are unwarranted or ill-founded.

The water surplus in one month (precipitation plus snow-melt minus evapotranspiration minus
snow storage) is first added to a possible soil water deficiency. The remaining part of the surplus is
proportionally separated into rapid runoff, which is available for the discharge in the month of
concern, and a volume of water which is added to the groundwater storage. This separation coeffi-
cient has been obtained by fitting the calculated rising limb of the basin hydrograph at the Lobith
gauging station, to the observed hydrograph using months with large discharges. The seperation
coefficient has been defined as:

SPW
x = ––––– (–)

RS

where

SPW = water added to the deeper groundwater (mm/month)
RS = the rapid runoff (mm/month)
x = the seperation coefficient (0.2) (–)

This coefficient depends on various basin characteristics such as steepness, soil physical pro-
perties, and land use. However, no information is available to quantify the effects of these basin pro-
perties for this separation coefficient. Also no data is available about monthly variations in soil water
storage within the time schedule of the project. Therefore, the calulation results for these variations
cannot be independently controlled. For these reasons and to keep the model as simple as possible,
the model uses the same separation coefficient, 20% vs 80%, for the entire basin.

Since the value of the parameter may change when climate would change, sensitivity of the
model has been tested for variations in this coefficient. The results are presented in section 6.4).
Alternatives for seperation of different flow types, using a more physically-based approach, will be
discussed in context to the scale used in section 4.3.

3.3 Water storage in deep groundwater and delayed runoff

The delayed runoff (Rs) representing the base flow, is calculated from the groundwater storage
using the recession equation

GWS
Rs = ––––– (mm/month)

C

where

GWS = the water volume stored as groundwater (mm)
C = a recession parameter (months).

The constant C (month) in the recession equation has been obtained by calibration for the main
tributaries. The calculated hydrograph of these tributaries has been fitted, using C, to the observed
hydrograph for months with small discharges. For these months it is assumed that all river runoff
originates from the base flow. It is assumed that this parameter C is mainly dependent on the geohy-
drological properties of a catchment and these properties will probably not alter under changing cli-
matic conditions. Table 2 shows the calibration results for C for the main catchments. Generally
mountain basins, with small groundwater storage are characterised by low values for C, whereas flat
areas, with a larger storage capacity have higher C values. As fluctuations in the deeper storage com-
partments cannot be independently controlled, model sensitivity has also been studied for variations
in this parameter C (section 6)

The runoff in a cell was calculated by:

Rn = Rs + Rq (mm)
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The discharge in a basin was calculated by:

∑RnQ =  (–––––) (mm)
N

where

Q = the discharge in the basin (without lake storage and glacier water storage changes) (mm),
N = the number of cells in the basin (–).

This model concept for discharge calculation in a basin assumes that all water available for
runoff (Rs + Rq ) in a month, will reach the outlet of the catchment within the same month. Therefo-
re, both the separation coefficient (x) (eq.4) and the recession coefficient (C) (eq. 5) represent the
response characteristics of a catchment to rainfall or snow-melt. Low values of C and high values of
x represent a short response time (relatively steep hydrographs), whereas high values of C and low
values of x represent a long response time (relatively flat hydrographs). This response time does not
only include the period of time that the water (precipitation) uses, once it has fallen on the ground, to
reach a river, but also the time which the water needs to flow through the channel to the outlet of the
catchment. Using a monthly time step, this last term can be ignored in small catchments. However,
for the River Rhine this may lead to errors because it takes water approximately nine days to flow
from Rheinfelden (Switzerland) to the catchment outlet at Lobith. Therefore, if a large amount of
precipitation would fall during the last 5 days at the end of a month in the southern part of the basin,
the model will over-estimate the discharge at the outlet of the basin at Lobith for that month. For the
next month the model will under-estimate the discharge at Lobith. Assuming that the water balance
has accurately been calculated, calculated discharge averaged over the two months will be similar to
the averaged observed discharge.

Whether or not this model error is important can be determined from analysis of the month to
month discharge variations at the Lobith gauging station. If the time step used leads to structural
model errors, this will inevitably result into low values for the coefficient for model efficiency (Nash
and Sutcliff, 1970) for this station. The results of investigations to the model efficiency will be pre-
sented in section 6.

19

River section Recession parameter C (month)

Aar 4
Alpenrhein 3.5
Rock outcrops, glacial area 1.1
Reuss 2
Limmat 2.5
Neckar 4.5
Main 6
Mosel 3
Saar 2
Rhine valley 5

Table 2 Calibrated recession parameters for the major basin sections





4 INPUT DATA

For the RHINEFLOW model a raster GIS data base has been created. The different maps in this
data set were digitised and rasterised to a grid size of about 3*3 kilometres. Each of these raster cells
in the data base represents one calculation element in the RHINEFLOW model and is the smallest
element in the spatial connectivity analysis.

4.1 Input variables and parameters for the model:

� Monthly areal precipitation
The set includes monthly areal precipitation from 1900 to 1980 of the catchments of several (16)
segments of the River Rhine and of the main tributary catchments. These data were obtained
from the German and Swiss Meteorological Offices (DWD and SMA).The location of the areas
is shown in figure 4. The spatial distribution of the precipitation within these sub-areas is not
taken into account. Schädler (1985) following Sevruk (1985) estimated that systematic errors for
these data for catchments in Switzerland are from 3% to over 25% even for periods covering
several years. This is by far the largest error for all time series used. Using this data will obvious-
ly lead to errors in the water balance calculations. However, these are the best records available.
For the basin sections downstream of Basel this error is probably smaller since spatial variability
of precipitation in mountain areas is much larger than in lowland areas.

� Monthly temperature
Monthly temperature data was used for 27 stations. The maximum length of the temperature
records covered a time period from 1900 to 1989. The shortest record extended from 1957 to
1980. This data was also obtained from the DWD and SMA. Monthly average temperatures are
calculated daily temperature values.

Calculation methods for these daily values differ from country to country. In Switzerland tem-
perature is measured three times a day, at 7.30; 13.30 and 21.30. Daily temperature is derived by
averaging these values, whereas the measurement at 21.30 is counted twice. Germany uses the same
method, however the time of measurements differ from that of the Swiss. In France daily minimum
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Figure 4 Areas used for precipitation input. Numbers correspond with the numbers in table 3



and maximum temperatures are averaged. In this study no correction have been made for possible
variations in temperature due to different calculation methods. Thiessen polygons were constructed
around the locations (cell) of the stations. Figure 5a shows the location of the stations used and figu-
re 5b the polygons around the stations. It is assumed that the station within the polygon is representa-
tive for the cells in that polygon.
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Figure 5a Location map of the temperature stations



The temperature in a given raster cell is obtained from the temperature of the representative
weather station and is corrected for the altitude of that cell with the use of elevation data from the
Digital Elevation Model (DEM), assuming a 0.57°C temperature decrease for a 100m rise in altitu-
de. This was an average value determined by comparison average monthly temperatures of stations
at different altitudes. For the Alpine area the procedure was somewhat different. The elevation has
been divided into the zones <700m, 700-900m, 900-1100m, 1100-1900m and >1900m. For the cells
in each elevation zone, the representative weather station was found with the construction of Thies-
sen polygons around the weather stations, situated in that zone. Station temperature was converted to
cell temperature in the same way as described above. Records of at least three stations were avai-
lable for each zone. This method reduces errors in temperature calculations during periods of tempe-
rature inversion. These periods occur particularly during winter periods in the Alps.
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Figure 5b Thiessen polygons for temperature stations



� A Digital Elevation Model (DEM)
This DEM was digitised from a contour map, scale 1:1.500.000, published by the Commission
Hydrologique du basin du Rhin, CHR/KHR (CHR/KHR, 1976). The digitised elevation map
(fig. 6) was interpolated using an inverse distance method. The variance of the DEM is determi-
ned by the vertical resolution of the original map. The original map is a contour map having a
equidistance dependent on the relief energy. The zonation used is <25m; 25-50m; 50-100m; 100-
200m, 200-400m; 400-600m; 600-800m; 800-1000m; 1000-1500m; 1500-2000m; 2000-3000m;
>3000m.

� A soil map
A soil map, scale 1:1,500,000, published by the Commission Hydrologique du basin du Rhin,
CHR/KHR (CHR/KHR, 1976) was digitised. This map distinguishes soil associations based on
the FAO-UNESCO classification system. The map provides information about soil texture, pre-
vailing relief, source rock and land use type. The soil type map was re-labeled into a maximum
soil storage capacity map (SSmax.map) using published data (Groenendijk, 1989a, 1989b) (fig.
7). Maximum soil water capacities vary from 30 to 300mm depending on soil texture, rooting
depth of the vegetation, stoniness of the soil and depth of the lithic contact. More detailed soil
maps are available for several countries. However, these use different classifications, which are
difficult to convert into the hydrological properties of the different soil types.
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Figure 6 Digital Elevation Model (altitude in m.a.s.l.)
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Figure 7 Maximum soil water storage capacity



� A land use map
A land use map, scale 1:1,500,000, published by the Commission Hydrologique du basin du
Rhin, CHR/KHR (CHR/KHR, 1976) (fig. 8) was used. The original map distinguishes between
the same land use type as presented in the legend of figure 8. This map was used since it provides
a consistent interpretation of the different land use types for the entire basin. Although other data
have recently become available, different countries use different classifications which are not
easy to compare. The land use map was re-labeled into a land use factor map (fig. 8). This map
was used to adjust the calculated potential evapotranspiration for different land use types.

� Monthly changes in storage in natural and artificial lakes in the Alpine area
Storage changes in lakes in the Alpine region affect monthly discharge variations (fig. 9). These
changes are mainly determined by human management. Therefore, model calculations of
discharge are corrected with existing data on monthly lake water storage variations in the main
tributary catchments in the Alpine basin segment (tab. 3). Data is taken from a study of the water
balance of Switzerland (Schädler, 1985) for the period 1900-1980. He estimated that errors in
these data series were very small and could be ignored.
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Figure 8 Land use map
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Figure 9 Effect of monthly lake storage variations on the discharge of the Rees gauging station



� Average long-term changes in glacier storage
Estimation of annual water storage changes in glaciers requires yearly values for changes in the
mass balance of the glaciers in all mountain catchments. Even in a well monitored country such
as Switzerland annual mass balances are calculated only for few glaciers. Only for the Aletsch-
glacier long-term time series exist for the annual mass balance. The Aletsch glacier is assumed to
be representative over larger areas and therefore these time series are used to calculate changes in
glaciers in other parts of Switzerland. This method may lead to unreliable results for single years.
However, over decades the error is estimated to be smaller than 10%. Since annual data are not
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Time series used for model input Time series used for calibration and validation

Temperature Precipitation Compensation Stations used Stations used for snow Stations used
station areas for lake for discharge storage validation (altitude for AE

storage validation m.a.s.l.) validation

Germany: Germany/France: Upper Rhine: Germany: Switzerland: Germany: 

Essen 1 Rees-Kaub Aar Rees Klontal 860
Bonn 2 Kaub-Maxau Reus Maxau Guntlenau 860 Essen
Freiburg 3 Maxau-Rheinf. Limmat Rheinfelden Sihlsee 895 Bonn
Giessen 4 Lippe Cochem Innerthal 910 Freiburg
Frankfurt 5 Lahn Trier Brandhalti 950 Giessen 
Würzburg 6 Mosel Kleinheubach Rumein 1200 Frankfurt
Karlsruhe 7 Saar Rockenau Klosters 1200 Wuerzburg
Stuttgart 8 Nahe Leysin 1250 Karlsruhe
Friedrichsh. 9 Main Flumserberg 1310 Stuttgart
Kissingen 10 Regnitz Braunwald 1340 Friedrichsh.
Nurnberg 11 Neckar Ulrichen 1345 Kissingen
Trier 12 Ill Munster 1360 Nurnberg

Kippel 1370 Trier
Switzerland: Switzerland/ Switzerland Morgins 1380

Austria Bedretto 1400
St Maria 1400

Davos 13 Upper Rhine Rheinfelden Rigi-Klosterli 1410
Saentis 14 Aar Stilli Sedrun 1420
Basel 15 Reuss Brugg Andermatt 1440
Altdorf 16 Limmat Zürich Splügen 1460
Bern Mellingen Innerferra 1480
Neuchatel St Antonien 1480
Arosa Bosco Gurin 1490
Chur Moleson 1500
Schaffhausen Arosa 1500
Einsiedeln Montana 1500
Chateaux d’oex Fionnay 1500
Langenbrueck Davos 1560
Langnau Grindelwaldb. 1570
Jungfraujoch Garichte 1610
Interlaken Rigi-Scheidegg 1620

Zermatt 1620
San-Bernardino 1630
Mürren 1650
Stockhorn 1650
Bourg-St Pierre 1650
Zuoz 1710
La Drossa 1710
Fetan 1710
Zervreila 1740
Bivio 1770
Trubsee 1800
Maloja 1800
Barberinne 1820
Mauvoisin 1841
Hasliberg 1850
Robiei 1890
Buschalp 1980
Corvatsch 2273
Weisfluhjoch 2536

Table 3 List of time series used



reliable, glacier fluctuations are only taken into account for water balance calculations over
decades. Seasonal fluctuations could not be taken into account. The effect of glacier fluctuations
on the discharge may be large in small mountain catchments, however for the River Rhine at
Basel, glacial melt has only increased average annual discharge by approximately 1% (Schädler
1985).

4.2 Calibration and validation time series

� Monthly discharges for the main tributaries of the River Rhine and for 7 stations along the main
river
The longest time series used covers a period from 1870 to 1980, the shortest from 1956 to 1980.
These discharge records were derived from the German Hydrological Office (BfG) and from the
Swiss Hydrological Survey (BfL) (tab.3). At a gauging station discharge is calculated using
water level in the river combined with a relation between the discharge and the water level (Q-h
relation). This will lead to systematic errors if this relation has not been well established or the
shape and size of the river bed changes due to erosion or sedimentation. However since the sta-
tions used are all major gauging stations for the River Rhine and its tributaries, the relations have
been regularly verified. Therefore such errors will not be systematic but random errors. Schädler
(1985) estimates an error of less than 1% over periods of years. This seems too low since diffe-
rent countries use different methods to determine discharge. This results in differences between
measured discharge at gauging stations on eighter side the border. For the Dutch-German border
the average discharge at the Lobith gauging station is approximately 100 m3/s (4%) less than that
for the Rees gauging station, which is situated 25 kilometer upstream of Lobith. In this thesis it is
assumed that these discharges are the same, and the time series of the Rees station have been
taken for calibration and verification. Differences between Switzerland and Germany were igno-
red, since we have no discharge data for a station near the border on the German side.

� Average monthly changes in snow water equivalents (SWE) for 30 mountain weather stations in
the Alps
These data were derived from the Geographical Institute at the ETH (Switzerland) (Martinec et
al., 1992) (tab. 3). High altitude meteorological stations provide daily data on snow cover thick-
ness. Since snow density may vary from 0.01 to 0.95 and densities vary strongly within the snow
cover, these values are only of limited value to be used for estimations of SWE. Recently estima-
tions for SWE for different stations in the Alps have become available. Estimations for areal
SWE storage are still under concern (Rohrer, in press).

� Average monthly evapotranspiration for different crop types
Monthly totals of evapotranspiration for different crop types are provided by the German meteo-
rological Office (DWD) for agricultural purposes (tab.3). In this thesis averaged monthly totals
for evapotranspiration of grass are used for the period 1951 to 1980. The potential evapotranspi-
ration is estimated using the method of Haude. This method calculates evaporation as a function
of the maximum air moisture, actual air moisture and crop type, assuming that there is no water
limitation for the plants.

4.3 Considerations for the use of the 3*3 kilometres grid size.

The choice of the spatial resolution of a 3*3 km grid is the result of several, mostly pragmatical,
considerations. First of all, it is important to note that the grid resolution used, is certainly not the
resolution at which the model results can be reliably evaluated. This restriction is mainly determined
by the used data set for areal (tributary) precipitation. The use of areal precipitation does not take
spatial variability of the precipitation within the area, into account. For individual cells or small
catchments within these areas, this input variable may be under- or over-estimated, which will inevi-
tably lead to errors in the water balance calculations. With this data set no quantitative estimation
can be produced for this error. However, it will be largest in mountain areas, where large variations
in precipitation exist over small distances. Since the precipitation areas correspond with the main tri-
butaries of the River Rhine, this is the highest resolution at which one can expect reliable model
results.

The considerations for the spatial reolution choice concern both accuracy of the input data and
generalisation problems when new data is converted into the data base:
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� The resolution of all base maps should be the same, thus avoiding problems with generalisation
and interpolation due to differences in grid size. The resolution should allow for the mapping of
all spatial detail.

� Topographical data was derived from maps with a scale of 1:1,500,000. On these maps 3 km is
represented by 2mm, which is assumed the maximum detail of the spatial information of these
maps. Using a finer grid size would introduce a fake spatial accuracy of this information. These
maps where the most detailed maps available covering the whole Rhine catchment.

� Station temperature was converted to cell temperature data by constructing a Thiessen polygonal
net around the weather stations. Using a fine grid permits a fairly accurate deliniation of these
Thiessen polygons.

� The model is designed for the use on a personal computer (PC). Using this resolution a model run
for 25 years takes 6 hours on a present-day PC (IBM-PC with a 80386 processor and co-proces-
sor and 8mb extended memory). This was thought to be the upper limit for computing time.

� The model is designed to estimate the impact of climate change. The most recent scenarios for
climate change, produced by climate models, use a spatial resolution of 3.75 degrees latitude and
2.5 longitude. These scenarios have been interpolated onto a finer grid (0.5 degree latitude and 1
longitude) using present day climate information (Climate Research Group, University of East
Anglia (CRU) and Environmental Resources Limited, unpublished data). The climate scenarios
produced on this fine grid by the CRU, will be used as input data for analysis of impact of cli-
mate change on the River Rhine. The use of the 3*3 square kilometres grid allows for an accurate
delineation of the grid for which the climate scenario are produced. In turn this permits quick and
easy manipulation of input data to analyse future scenario results in space and time.

The use of the 3*3 kilometres grid size clearly introduces limitations, above all concerning slo-
pe determination:

� Calculations of slope gradient and exposition for drainage delineation from a DEM with a 3*3
km resolution do not have any physical meaning. Therefore, an accurate estimation of local over-
land flow direction is not possible with this modelling concept. Using this resolution there is no
physical background to separate horizontal water flow into direct and delayed runoff. Hence,
flows such as Hortonian overland flow and saturated overland flow are not incorporated into the
model. The separation of the different flow types may only be possible on small scale plots (e.g.
Ward and Robinson, 1990). For the River Rhine, therefore, runoff is proportionally separated
into quick and delayed runoff.

� More physically-based models to determine snow-melt and snow accumulation cannot be used
since these also depend strongly on local slope exposition.

� Since the width of river channels in the Rhine basin is less than 3 km, the drainage analysis does
not make any statements about the nature (braided, meandering or anastomosing) of the chan-
nels. Cells located in the river sections (see fig. 11 and 12) do not imply that the river is actually 3
km wide, but the location of a cell in a river section means only that there is a flow path through
that cell.

Two remarks must be made with respect to these limitations.

Firstly, the model has been developed to analyse the discharge of the River Rhine and the major
tributaries on a monthly time basis. Using this time basis and a catchment scale the contribution of
different flows (saturated and Hortonian overland flow, inter flow and groundwater flow) to the
stream flow may not be relevant.

Secondly, the concept the runoff is calculated assumes that all water available for stream flow
in the large tributaries will leave the catchment within one time interval. Therefore the model has not
been developed to incorporate any in-channel processes, such as hydraulic routing. Consequently,
the nature of the channels is not relevant.
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5 IMPLEMENTATION OF THE GIS DATA BASE INTO THE WATER BALANCE 
MODEL USING THE WATERSHED TOOLS

Following the listed procedures in section 2, the section the steps to implement the GIS data
base into the water balance model are described. The WATERSHED tools provide the modules
TIMEINP, CALC, WATERSH, ACCU, CMODEL, TIMEOUT and DISPLAY to carry out the pro-
cedures for this implementation.

Procedure 1. Read input data for a certain location (x,y) and time step (t).

This procedure is carried out by reading temperature data and precipitation data (stored in table
files) and convert them into raster maps using identifier (ID) maps (fig 10a and b). The map that
constitutes the Thiessen polygons (t_stat.id) is the ID map for temperature. These polygons were
labelled with integers 1 to 27, corresponding with the sequence of the stations in the table file. For
precipitation the tributary catchments and river sections, for which monthly areal precipitation were
known, have been determined using the drainage pattern map. Each section was labelled and stored
in the ‘p_area.id’ map.

For each time step the module TIMEINP reads the data sequentially from the data file and
stores it into these maps. This requires the following command line:

TIMEINP temp.map = t_stat.id, temp.dat, timer

TIMEINP prec.map = p_area.id, prec.dat,timer

in which

temp.map = the resulting map for temperature
prec.map = the resulting map for precipitation
t_stat.id = the map containing the 27 thiessen polygons, numbered 1-27
p_area.id = the map containing the precipitation areas
temp.dat = the data file containing time series of monthly temperature data from 27 stations. The-

se stations are ordered column-wise, each row corresponds with a month
prec.dat = the data file containing the time series for areal precipitation. The areas are ordered

columnwise, each row corresponds with a month
timer = determines which time step is carried out. If the timer is 1 the TIMEINP module reads

the first row of the data file, if TIMER is 2 the second etc.
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Figure 10a Conversion from an original (hard copy) map to a raster (digital map)

Figure 10b conversion from time series data into raster maps using the TIMEINP module



Procedure 2. Carry out the necessary calculations to determine the water balance at (x,y,t)
from the initial conditions at (x,y,t-1) and the new input data.

For procedure 2, the water balance at a location (x,y) must be calculated. This requires a raster
map calculator. In the WATERSHED tools this is the CALC-module. This module can evaluate
almost any arithmetical point-operation on gridded map-data (fig. 11a and b). It has a list of built-in
functions, such as LN (natural logarithm), SQRT (square root), which can be applied to the raster
maps. Logical functions can be implemented with MIF (IF Map ... THEN .... ELSE....) using opera-
tors LT (less than), GT (greater than), EQ (equals). For example the operation to determine the loca-
tion and amount of snowfall and snow cover is written as follows:

CALC snow.map = MIF(temp.map GT 0 THEN 0 ELSE, prec.map)
CALC rain.map = prec.map-snow.map
CALC cover.map = cover.map + snow.map
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Figure 11a Raster map calculations using one input map with the CALC module

Figure 11b Raster map calculations using more maps with the CALC module



in which

snow.map = the resulting map showing the location and amount of snowfalling during the month
of concern (depending on the cell temperature determined from temp.map); the cells
in snow.map will have a positive value, depending on the amount of precipitation, if
the cell temperature is equal or lower than 0 degrees Celsius, and a value ‘0’ if cell
temperature is higher than 0 degrees Celsius.

prec.map = the map that contains the areal precipitation,
rain.map = a map that shows the location and amount of precipitation falling in form of rain;

cells in this map contain value ‘0’ if the temperature of the cell (from temp.map) is
below 0 degrees Celsius and will have a positive value, depending on the amount of
precipitation (prec.map) if the cell temperature is above zero.

cover.map = a map which contains the amount of water stored in the snow from the preceding
time step. This map is replaced by the new cover.map onto which the actual snowfall
(snow.map) is added to the snow cover from the previous time step. In this example
snow-melt is ignored. However, RHINEFLOW does include statements to calculate
snow-melt (fig. 15).

Procedure 3. Determine the spatial connectivity between the cell (x,y) and the outlet of the
catchment.

The spatial connectivity between all the cells and the outlet is determined using the program
WATERSH. This program enables the user to extract drainage patterns from elevation data and use
these patterns for the geomorphologically based routing modules. The drainage direction for each
cenl is stored in a Local Drain Direction matrix (LDD). The basic concepts for drainage pattern ana-
lysis were taken from published descriptions of recursive basin delineation given by Marks et al.
(1984) and publications by Jenson and Domingue (1988) and Morris and Heerdegen (1988). The
WATERSH program includes procedures to the handle ‘flats’ and ‘pits’. Flat elements are recogni-
zed where the lowest neighbour of any element at the centre of the 3 x 3 window has the same eleva-
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Figure 12 Observed drainage pattern



tion as the central element. Pits are those grid elements surrounded entirely by elements of higher
elevation. The approach followed is discussed extensively in Van Deursen and Kwadijk (1990,
1993) and Van Deursen (in prep).

The results of the geomorphological routing are presented in figure 12 and 13. These show the
observed and calculated drainage pattern. Table 4 presents the calculated and measured size of the
sub-drainage basins. Both show that the approach produces acceptable results both for the pattern
and for the size.
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Figure 13 Calculated drainage pattern (number of upstream elements)

Drainage basin DEM Measured
(%) (%)

Lippe 4.8 3.1
Ruhr 2.5 2.8
Lower Mosel 2.9 2.7
Upper Mosel 10.9 10.3
Saar 3.1 4.6
Lahn 3.2 3.7
Nahe 2.2 2.6
Main 17.4 17.0
Neckar 7.7 8.8
Ill 2.0 3.01
Upper Rhine 9.2 10.0
Aar 7.3 7.4
Limmat 1.8 1.3
Reuss 7.3 7.4

Table 4 Measured size in percentage of the entire basin and calculated size of the sub-drainage
basins using the digital elevation model (CHR/KHR,1976)



Procedure 4. Carry out the calculations to determine the discharge at the outlet of the catch-
ment(s), based on the spatial connectivity.

In procedure 4 water is routed through the local drain direction matrix (LDD). The module
ACCU carries out this routing. In a water balance model such as RHINEFLOW the input map for
this module contains water available for runoff (delayed and direct flow) calculated for each cell.
The output map will contain the available water accumulated through the Local Drain Direction
Matrix (fig. 14). In the model this is written as:

ACCU streamf.map = runoff.map, LDD.map

in which

streamf.map = the resulting map. In this map a cell value represents the accumulated runoff of all
the cells upstream of that cell.

LDD.map = the Local Drain Direction map.
runoff.map = contains the water available for runoff calculated for each cell.
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Figure 14 Calculation of catchment runoff using the ACCU module and conversion of results,
stored in raster maps, to table files using the TIMEOUT module



Procedure 5. Produce output data series or maps, to enable others (users or models) to use the
results of the model.

To create output time series for a selection of cells the coordinates (x,y) of these cells are stored
in a table file. In this table file the selection is ordered rowwise. The module TIMEOUT reads the
value of the selected cells in the raster map and writes the cell values sequentially to a data file (fig.
14). In this data file the value of the first selected cell is written in the first column, for the second
cell in second column etc. For example, pe.map contains calculated evapotranspiration values:

TIMEOUT pe.dat = pe.map, output.id, timer

in which

pe.dat = the resulting data file
pe.map = the evapotranspiration map
output.id = contains the x,y coordinates for a selection of cells
timer = determines to which row the output value is written to.

A module that allows visual evaluation of the results is DISPLAY, which is used for display of
raster maps created by the model.
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Figure 15 Calculation of snowfall and snow-melt
using the WATERSHED tools



Procedure 6. Carry out the water balance calculations repeatedly in order to model dynamical-
ly and to produce time series as a result.

To model one time interval all equations must be successively solved. For this purpose a com-
mand file can be created which contains all operations of the model in the correct sequence. To cal-
culate one time interval this command file is executed. Within one time interval the resulting map of
a previous equation can be the input map for a following operation.

Dynamic modelling, which implies that the results of previous time step are used as the input in
the next, requires a simple program that allows the command file to be carried out repeatedly and
increase ‘timer’ with one for every successive time step. This is done by the module CMODEL. For
example the command line:

CMODEL model.txt 1 3

executes the command file ‘model.txt’. The integer 1 determines that the TIMEINP starts reading
the first line of data files. The integer 3 determines that the execution will stop after 3 time steps.

Figure 15 illustrates the sequence of GIS operations neccessary to model the snow accumula-
tion and melt, in the RHINEFLOW model.
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6 CALIBRATION AND VALIDATION OF THE MODEL

6.1 Discharge representation

For calibration and validation of the RHINEFLOW model, we used a split sample of a wet and
a dry period as proposed by Klemes (1986). Consequetive time series for discharge for all major tri-
butaries have not been available for before 1956. Therefore the model was calibrated by comparing
the calculated and observed hydrographs from the relative wet period November 1965 to October
1970. Depending on the tributary, in this period the sub-basins received 10-20% more precipitation
than the average from 1956-1980. The calibrated model was validated for the period from November
1956 to October 1980. Figure 16 shows the hydrographs for Rees, Rheinfelden, Cochem and Rocke-
nau. Rees represents the entire basin up to the German-Dutch border, Rheinfelden represents the
Alpine area, Cochem (Mosel) the ‘Mittelgebirge’ area and Rockenau (Neckar) the ‘Schichtstufen’
area (see section Introduction). The figure shows that the calculated discharge fluctuations reasona-
bly represent the observed discharge over longer time periods. The model performs quite well both
for the calibration period and for the verification period for the tributaries as well as for the main
river. Table 5 shows the annual representation of the discharge of different basins.

These findings are supported by statistical analyses of the model results against observed values
(table 5). The performance of month to month discharge variations was tested with the coefficient of
efficiency (Nash and Sutcliff, 1970). This coefficient reflects the goodness of fit of the calculated
hydrograph. A value of 1 represents a perfect fitting curve, values less than zero imply that the mean
is a better representation than the model result (table 5).
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Gauging River Area Average Average Standard Standard Coeff. of
station (km2) annual annual deviation deviation efficiency

discharge discharge (OBS) (CALC)
(OBS,m3/s) (CALC,m3/s)

Rees Rhine entire basin, 160000 2300 2264 1003 907 0.77
Maxau Rhine basin, 50196 1269 1162 544 442 0.71
Cochem Mosel middle-lowland, 27000 300 301 247 244 0.81
Mettlach Saar middle-lowland, 5700 74 72 62 60 0.78
Kleinheub.* Main middle-lowland, 21505 155 169 110 100 0.76
Rockenau Neckar middle-lowland, 14000 127 130 87 79 0.74
Rheinfelden Rhine alpine, 34550 1027 1022 482 453 0.75
Stilli Aar alpine, 17000 556 570 266 253 0.74
Mellingen Reuss alpine, 3382 139 133 83 76 0.77
Zürich Limmat alpine, 2176 96 99 57 51 0.72

* tested for the period 1959-1980

Table 5 Model results for different drainage basins for the test period 1956-1980



Analysis of the performance on a monthly time basis in the Alpine basin shows that the model
calculates discharge slightly too low during winter and summer and too high during autumn.
Although the model shows the highest model efficiency for the river Mosel, discharge of this river is
slightly under-estimated during dry periods. In section 8 these model errors will be discussed.
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Figure 16a Observed and calculated discharge for the Rees gauging station. Period November
1956 – October 1980

Figure 16b Observed and calculated discharge for the Rheinfelden gauging station (Alpine part of
the River Rhine basin). Period November 1956 – October 1980
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Figure 16c Observed and calculated discharge for the Cochem gauging station (River Mosel). Peri-
od November 1956 – October 1980

Figure 16d Observed and calculated discharge for the Rockenau gauging station (River Neckar).
Period November 1956 – October 1980
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6.2 Validation of the evapotranspiration calculations

The average calculated monthly actual evapotranspiration is compared with data on the average
amount of evapotranspiration (fig. 17). These data comprises calculated potential evapotranspiration
using the method of Haude published by the DWD, actual monthly evapotranspiration for the Mosel
basin Keller (1958), and monthly actual evapotranspiration for the Alpine basin section based on
water balance calculations (Baumgartner et al. 1983; Schädler 1985). The model results fit well with
the data for actual evapotranspiration in the German/French section of the basin. The model simula-
tions for actual evapotranspiration are lower than the potential evapotranspiration as calculated by
Haude, which is reasonably since evaporation losses during summer are lower than the potential
losses due to soil water deficits. In the Alpine area the model slightly under-estimates the evapo-
transpiration during the summer period, which may have led to the over-estimation of the autumn
discharge. The model also over-estimates the evapotranspiration during the winter period.

6.3 Validation of the snow cover and snow storage calculations

The calculated snow water equivalents (SWE) at different altitudes were compared with the
averaged observed values between November and June for different stations. The model results are
within the observed range for altitudes between 750 and 1600 meters. Figure 18 shows the results for
the altitude range between 750 and 1350 meters. The figure shows that even average monthly SWE
are highly variable for different stations. Timing and amount of the calculated maximum SWE stora-
ge are found satisfactorily. The calculated final decay of the snow cover is somewhat (approximately
one month) too late. Above 1600m the model calculates too little snow-melt during the late spring.
This leads to an underestimation of the summer discharge in the Alpine region. Since the area above
this altitude is relatively small the resulting error in the calculated discharge is also small.
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Figure 17a Model calculations and published data for average monthly areal evapotranspiration
for Germany (in percentage of the annual total evapotranspiration)

Figure 17b Model calculations and published data for average monthly areal evapotranspiration
for the Alpine area (in percentage of the annual total evapotranspiration)



6.4 Sensitivity of the separation and recession coefficients

No data is available about storage in the soil and deeper compartments over larger areas. There-
fore, contrary to the snow storage and the evapotranspiration module, soil water and groundwater
storage modules cannot be independently controlled. We therefore investigated the sensitivity of the
model results for changes in the parameters that determine the direct and delayed flow from the soil
and groundwater compartment to the river. Obviously, a model that is sensitive to (small) changes in
parameters, that influence modules that cannot be validated with observed values, is less reliable.
This is particularly the case, if the model is developed to be used under conditions that may alter the-
se parameters.

The separation coefficient (x) and the recession coefficient (C) determine the flow from the soil-
and groundwater storage and therefore the shape of the hydrograph. A series of model runs was carried
out to investigate the sensitivity of the model results for different values of these parameters. Each
model run used another combination of parameter values. This investigation also gives information
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Figure 18a Calculated and observed average amount of water stored in the snow (SWE) between
750 and 950 m.a.s.l. in the Alpine area

Figure 18b Calculated and observed average amount of water stored in the snow (SWE) between
1150 and 1350 m.a.s.l. in the Alpine area



about the interdependence of both parameters. These parameters are highly dependent if different com-
binations of parameters produce the same calculated discharge. This would imply that the separation
into the two compartments soil water and groundwater storage, as used in the model, is not justified.

Table 6 shows some results for the river Mosel and river Reuss. These results are representative
for the other areas. These data show that model efficiency is little sensitive to changes in both para-
meters. They also show that different parameter combinations can give the same model efficieny.
However, maximum model efficiency is centred around one combination of C and x.

From these findings one can conclude:

� that variations in the recession and separation coefficient have only a minor effect on the model
results.

� Both parameters seem to be independent since maximum model efficiency as shown in table 6 is
centered around one set of C and x. This justifies the concept used of seperation between rapid an
delayed flow.

The combination of both parameters producing the highest model efficiencies differs from
basin to basin. Although a fixed separation coefficient for all basins gives reasonable model results,
calibration of the separation coefficient from basin to basin may lead to a (slightly) better model effi-
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a. Mosel basin (FRG)

x 0.00 0.10 0.15 0.20 0.25 0.30 0.35 0.50 0.75 1.00
c

1.00 0.12 0.12
1.50 0.60 0.57 0.55 0.54 0.52 0.50 0.47 0.40 0.25
2.00 0.73 0.73 0.71 0.70 0.67 0.65 0.56 0.35
2.50
3.00 0.80 0.80 0.81 0.82 0.80
3.50
4.00 0.68 0.76 0.79 0.81 0.82 0.82 0.81 0.76
4.50 0.64 0.76 0.77 0.79 0.81 0.82 0.82 0.77
5.00 0.60 0.71 0.75 0.76 0.80 0.81 0.82 0.78
5.50 0.56 0.68 0.73 0.76 0.79 0.81 0.81 0.78
6.00
6.50 0.50 0.64 0.69 0.73 0.77 0.80 0.79 0.79 0.56
7.00
7.50
8.00
8.50 0.41 0.57 0.63 0.68 0.73 0.76 0.78 0.78 0.57
9.00

b. Reuss basin (CH)

x 0.00 0.10 0.15 0.20 0.25 0.30 0.35 0.50 0.75 1.00
c

1.00 0.49
1.50 0.73 0.73 0.71 0.72 0.71 0.70 0.68 0.65 0.58
2.00 0.71 0.72 0.72 0.77 0.76 0.75 0.74 0.68 0.60
2.50 0.76 0.78 0.77 0.77 0.76 0.76 0.75 0.72
3.00 0.72 0.74 0.75 0.75 0.75 0.75 0.75 0.72
3.50 0.69 0.72 0.73 0.73 0.74 0.74 0.74 0.71
4.00
4.50 0.63 0.67 0.69 0.70 0.71 0.72 0.72 0.71 0.64
5.00
5.50
6.00
6.50 0.56 0.62 0.64 0.66 0.67 0.69 0.70 0.70 0.64
7.00

Table 6 Model efficiency for different combinations of the separation (x) and recession (C) coefficients



ciencies. However, the relation between the value of this coefficient and the topographical properties
of the basins is not clear. Therefore, also possible changes of its value due to changed environmental
conditions in future cannot be estimated. For these reasons we think that basin to basin calibration of
this parameter will not neccessarily lead to more reliable model results.
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7 SENSITIVITY ANALYSIS OF THE DISCHARGE AT THE DOWNSTREAM (DUTCH)
PART OF THE RIVER RHINE

As a first investigation of the effects of climate change on the River Rhine, the discharge for a
series of temperature and precipitation changes has been calculated. The results will give an indica-
tion of the relative importance of these changes. The changes used are only hypothetical and have
not been investigated on their probability of occurence. However, the changes in precipitation bet-
ween –20 and +20% combined with a temperature rise between 0 and +4 degrees Celsius are within
the range of the expected climate changes in the coming decades. Although they cannot be used as
forecast they can indicate the sensitivity of the Rhine basin.

7.1 Calculation of discharge scenarios

Monthly discharges were calculated for a temperature rise of 0, 2 and 4 degrees Celsius combi-
ned with a precipitation change of –10, –20, 0, +10 and +20 percent. The change in temperature is
twice the long-term annual variability of the present-day climate, the change in precipitation is four
times as large as the present-day annual variation. Scenarios with a temperature decrease were not
evaluated because they are not likely to occur. The scenario analysis was carried out as follows:

Temperature increase was added to the record of monthly temperature of the 27 temperature
stations for the period 1956-1980. A data set of monthly areal precipitation for the same period was
used. Monthly precipitation was changed according to the percentages used. Based on these modi-
fied climate variables the monthly discharges of the River Rhine at the Dutch-German border (the
Rees gauging station) were calculated with the RHINEFLOW model. The calculated discharges are
compared with the results of a control run using the records of monthly temperature and areal preci-
pitation for the period 1956-1980. The average monthly flows for the four seasons were calculated.
Comparing model scenario discharge with observed present day discharge may give a false impres-
sion of the magnitude of change, since also the difference between the observed discharge and the
calculated discharge of the control run is included in the estimated change. In order to reduce the
model error only the discharge changes estimated by the model have been taken into account.
Consequently the magnitude of change was calculated with:

Qo + (Qs – Qc)
change= ––––––––––––––––

Qo

in which

Qo = the observed discharge (m3/s)
Qs = the scenario discharge as calculated by the model (m3/s)
Qc = the present day discharge as calculated by the model (m3/s) (control run).

The method corrects for the model error for the seasonal discharge (fig. 19). This error is illus-
trated in this figure by the dots on the vertical axis, which represent the difference between the
control run and the observed run.
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Legend: obs observed
p0t0 control run (model calculation for present-day conditions)
p0t2 precipitation change + 0%, annual temperature +2C
p0t4 precipitation change + 0%, annual temperature +4C
pm10T0 precipitation change –10%, annual temperature +0C
pm10t2 precipitation change –10%, annual temperature +2C
pm20t0 precipitation change –20%, annual temperature +0C
pm20t4 precipitation change –20%, annual temperature +4C
pp10t0 precipitation change +10%, annual temperature +0C
pp10t2 precipitation change +10%, annual temperature +2C
pp20t0 precipitation change +20%, annual temperature +0C
pp20t4 precipitation change +20%, annual temperature +4C

7.2 Results

The results of discharge changes due to changes in temperature and precipitation are shown in
figure 18. The major conclusion of the analysis is that both the annual and the seasonal discharge of
the River Rhine are more sensitive to a change in precipitation than to a change in temperature. This
counts for all seasons. The following conclusions concerning the discharge changes at the German-
Dutch border in the different seasons can be made:

� A temperature increase has little effect on the discharge. Discharge in all seasons, even in winter,
reduces. Summer and autumn discharges are the the most sensitive, whereas winter discharge
hardly changes. The calculated change for this season is within the model error (about 3%). This
result contradicts the results of Kwadijk (1991), who stated that the discharge of the River Rhine
would be strongly affected by temperature change in the Alps. However, that study analysed a
winter temperature rise of 4 degrees in the Alps only. For higher temperatures in all seasons it
seems that the increase of snow-melt during winter in the Alps is compensated by a smaller dis-
charge from the lower part of the basin.

� A precipitation increase has a large increasing effect on the discharge in all seasons. The dis-
charge in autumn is the most sensitive, while the discharge in spring is the least. Summer dis-
charge increases slightly more than winter discharge.

� A precipitation decrease has a large decreasing effect on the discharge in all seasons. Again the
autumn discharge is the most sensitive. There is no difference in discharge reduction between the
other seasons.

� A combination of temperature increase and precipitation decrease gives an amplifked reduction
of the discharge in all seasons. The effect is largest for autumn and smallest for winter.

48

Figure 19 Change in seasonal discharge in the downstream part of the River Rhine for temperature
and precipitation change scenarios



� A combination of temperature increase and precipitation increase has a relatively large increasing
effect on the discharge in all seasons. Winter discharge is the most sensitive in this scenario,
while summer discharge is the least affected.

The effect of temperature change on the discharge is rather small. However, discharge in sum-
mer and autumn becomes more sensitive under wetter conditions. Under dryer conditions the effect
of temperature change on the summer discharge decreases. Again for spring and winter discharge
the effect remains the same. The temperature effect on the discharge in autumn also decreases in
dryer conditions.
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8 CONCLUSIONS AND DISCUSSION

8.1 Model performance and application

Due to the GIS basis the spatial differences of the model results, calculations on the monthly
changes in the water balance compartments, can easily be evaluated. The model is able to produce
reliable results at the scale of a catchment of the major tributaries of the River Rhine. Although the
tributaries have different climatic, topographical and land use properties the model performs well
under the prevailing climate conditions in different physiographic settings. The model performs well
within a (present day) variation of precipitation of 10-20%. The model also calculates the average
water loss due to evapotranspiration) and the major temporal storage (snow) accurately. Validation
of calculated groundwater and soil water storage fluctuations was not possible since the data were
not available within the time schedule of the project. To summerize, the model gives an accurate
quantitative description of the water balance compartments under the present-day conditions.

Since the model calculates the changes in the water balance compartments accurately, it can be
used to estimate the sensitivity of the discharge for changes in these compartments. These sensitivity
studies give quantitative information about the direction of change. They also provide an indication
of the rate of possible changes.

From the scenario studies made by the RHINEFLOW model and the earlier sensitivity study
(Kwadijk, 1991), it can be concluded that the rainfall distribution and amount, controlling water
input in the system, are the most important for the monthly discharge variations of the River Rhine
in the downstream (Dutch) part of the river. These processes thus need more detailed description.
Particularly changes in the Alpine area may have large effects. This area forms the major water sup-
ply for the Rhine basin and the hydrological properties of this area are both sensitive for a temperatu-
re and for a precipitation change.

Also important is temperature as this variable controls snow-melt and temporal water redistri-
bution, and evapotranspiration. Land use type, which controls evapotranspiration seems less impor-
tant for monthly discharge variations.

8.2 Model restrictions

In the first place there are several restrictions due to the spatial and temporal resolution of the
model:

� The approach is not suited to make statements about the exact behaviour of each individual cell
or small catchments. The main reasons for this restriction are:

(a) The spatial scale of the areal precipitation used. 
The spatial distribution of the precipitation within the sub-areas is not taken into account. Evalua-
ting cells having only small upstream areas will not yield reliable results since variability of this
model variable is not sufficiently represented.

(b)Representation of the drainage pattterns.
Drainage deliniation using a DEM, derived from a 1,500,000 scaled contour map, will lead to
unreliable local drainage directions. Although drainage patterns and basin size for the main tribu-
taries are satisfactory represented, small catchments are insufficient represented to permit runoff
calculations.

(c) The number of temperature stations used.
The use of a few temperature stations combined with a simple altitude/ temperature relation may
lead to errors in cell temperature.

� The model is not able to reproduce the development of the snow cover in the lower parts of the
Alps since accumulation and decay of this cover may occur several times a month. This may lead
to errors in the calculated discharge in the Alpine part of the basin. Also the large local variations
of precipitation in the Alps may lead to errors in the calculated snow storage. However, the effect
of this model error on the discharge calculations will be small, since the area that introduces this
error is relatively small.
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Secondly, there are restrictions due to the model structure and the methods of process modelling:

� The model has inaccuracies under the present-day conditions. During long dry periods, the model
calculates a soil water deficiency. The precipitation surplus marking the end of a dry period is
firstly added to the water deficiency in the soil. Until soil water storage has reached field capacity
the discharge is only generated from the slow runoff term. This may result into an underestima-
tion of the discharge during the month(s) immediately after the dry period.

� The model uses empirical equations which have been developed and tested for the present-day
climate. It is clear that, if these equations are not valid under other climatic conditions, the results
of the sensitivity studies will be less reliable. The following changes can strongly influence mod-
els reliability:

(a) Direct anti-transpirant effects due to increased CO2 concentration. 
Changes of the water management of plants due to direct effects of the CO2 will affect the actual
evapotranspiration. On an annual basis the possible effects are described by Wigley and Jones
(1984). They found that direct effects were probably of less importance than precipitation changes.

(b)Changes in the average vertical temperature distribution in the Alps and the spatial precipitation
distribution in the basin. 
These variables determine the temporal storage in snow and eventually temporal soil water shor-
tage in the area.

(c) Changes in cloudiness.
Radiation is the driving force of potential evapotranspiration. The Thornthwaite equation
assumes a relation between radiation and temperature and models evapotranspiration as a func-
tion of temperature. This equation is developed for the present climate conditions. Changes in
cloudiness and air moisture may alter this relation between radiation and temperature.

8.3 Recommendations

It is clear that the results of the sensitivity studies only hold for the entire Rhine basin and pro-
bably not for smaller catchments. Local and even regional effects may well be influenced by pro-
cesses that are of minor importance for the entire Rhine basin. Obviously, in the Alpine area snow
storage and lake management are more important controlling factors than in the basin of the river
Main. From these sensitivity studies recommendations can be made for the development of a more
detailed model for the Rhine discharge:

� Research effort must be put into the estimation of the present and future spatial distribution of the
precipitation.

� The snow-melt in the Alpine area and evapotranspiration for the whole basin must be modelled
as close as possible to their physical basis, given the limitations in the availability of (scenario)
input data. These processes will be influenced by a climate change.

� Other processes such as the water movement in the soil and in the lower aquifers can be modelled
empirically using large time steps because:

(a) Until detailed spatial information on the geohydrological properties of shallow and deeper layers
is available, there is no possibility to obtain the data necessary for modelling this water flow phy-
sically. Mayby remote sensing techniques will provide this data. However, on the scale of the
River Rhine drainage basin the feasibility of such calculations must be doubted.

(b) It is unlikely that the properties of these compartments will alter under a climate change. Therefo-
re the empirical equations developed to model this flow are not likely to alter.

� Possibilities to extend verification of hydrological models using data set of periods having differ-
ent climate conditions should be studied.

Since the RHINEFLOW model has only been tested for the present day conditions the model
results for future conditions may be less reliable. Verification of the model using a climate data set of
a period having different climate conditions would be therefore useful. The last decade several scien-
tists have studied historic documents and proxy data to reconstruct the climate for the period before
the instrumental record (e.g. Lamb, 1984). Only recently projects have started to construct large data
bases containing historical meteorological information and natural proxy data for large areas. (Pfis-
ter, 1992, Bradley pers. comm.). If the historical data base should provide a reliable set of the
variables monthly precipitation, temperature and runoff at a spatial scale comparable to a tributary of
the River Rhine, it could be used as a validation set for the RHINEFLOW model (Kwadijk et al, in
press).
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APPENDIX THE CALCULATION OF THE TOTAL WATER BALANCE

In a water balance model the water budget can be reduced to a mass balance equation:

Inflow – Outflow = Storage Change

The RHINEFLOW model describes the water balance at location (x,y) in month (t) by:

Rx,y,t = Px,y,t – AEx,y,t + dSx,y,t

Sx,y,t = SSx,y,t + GWSx,y,t + SNSx,y,t

in which

R is the runoff (mm);
P is precipitation (mm);
S is the water volume stored in the soil, snow, glaciers and groundwater (mm);
AE is water loss due to actual evapotranspiration (mm);
dS is change in water volume stored (mm);
SS is water stored in the soil and as shallow groundwater (mm);
GWS is the water stored in aquifers and as deeper groundwater (mm);
SNS the amount of water stored in the snow cover (mm).

Calculation of the water balance of the snow compartment

The water balance in snow is

SNSx,y,t = SNSx,y,t–1 + SNOWFALLx,y,t – MELTx,y,t

Precipitation is divided over snowfall and rainfall which is calculated with:

IF Tx,y,t < 0 THEN 
SNOWFALLx,y,t =Px,y,t

RAINx,y,t = 0
ELSE 

RAINx,y,t = Px,y,t

SNOWFALLx,y,t = 0

in which

T is temperature (degree Celsius); 
P is precipitation (mm).

Snow melt is calculated using

IF Tx,y,t > 0 THEN 
MELTx,y,t= MAX (c*Tx,y,t,SNSx,y,t–1) 

ELSE 
MELTx,y,t=0

in which

c is a snowmelt parameter (mm*degree/C ).

Calculation of potential and crop evapotranspiration

Potential evapotranspiration ETref (mm) is calculated as a function of temperature and land use type
using the equations of Thornthwaite:
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IF Tx,y,t > 0 THEN 
ETref x,y,t = Dx,y,t * 1.6 * (10 * Tx,y,t/Hx,y)a

ELSE 
ETref x,y,t =0

in which

D is a parameter depending on the daylength (hours of sunshine) which is a function of geogra-
phical latitude; 
T is the average temperature (degree Celsius) in the month t;
H,a are constants

dec
H = ∑ (Tm/5)1.5

jan
a = 0.49+0.01791 * H – 0.0000771 * H2 + 0.000000675 * H3

in which

Tm is the long term average monthly temperature of the months January to December.

The reference evapotranspiration is converted into potential evapotranspiration ET as a function of
ETref and land use:

ETx,y,t = ETref x,y,t * kc x,y,t

in which

kc is a crop coefficient (–)

Calculation of the soil compartment water balance and actual evapotranspiration

The water balance is calculated using the Thornthwaite-Mather equations:

SSx,y,t = SSx,y,t–1 + Soilinputx,y,t – Soiloutputx,y,t

where

Soilinputx,y,t = RAINx,y,t + MELTx,y,t

Soiloutputx,y,t = seepagex,y,t + AEx,y,t

The actual evapotranspiration AE is calculated as

IF Px,y,t + MELTx,y,t >= ETx,y,t THEN 
AEx,y,t=ETx,y,t

ELSE 
AEx,y,t=Px,y,t + MELTx,y,t+(SSx,y,t–1 – Smax x,y* exp(–APWLx,y,t/Smax x,y))

where

APWL is the accumulated potential water loss
Smax is maximum water holding capacity of soil

The Accumulated Potential Water Loss (APWL) is calculated as

IF Px,y,t>ETx,y,t THEN 
APWLx,y,t=0 

ELSE 
APWLx,y,t= Smax* ln (Smax x,y/SSx,y,t–1) – (Px,y,t – ETx,y,t)

58



Direct runoff and seepage are determined using:

IF Px,y,t > ETx,y,t AND SSx,y,t–1 + Px,y,t + MELTx,y,t – ETx,y,t > Smax,x,y THEN 
direct runoffx,y,t = X * (SSx,y,t–1 + Px,y,t + MELTx,y,t – ETx,y,t – Smax,x,y) 

ELSE 
direct runoffx,y,t = 0

IF Px,y,t > ETx,y,t AND SSx,y,t–1 + Px,y,t + MELTx,y,t – ETx,y,t > Smax,x,y

seepagex,y,t = (1–X) * (SSx,y,t–1 + Px,y,t + MELTx,y,t – ETx,y,t – Smax,x,y)
ELSE 

seepagex,y,t = 0

in which

X determines the seperation between direct and delayed runoff.

Calculation of the water balance of the groundwater compartment

The water balance of the groundwater compartment is calculated with:

GWSx,y,t = GWSx,y,t–1 + seepagex,y,t – delayed runoffx,y,t

delayed runoffx,y,t = groundwaterx,y,t–1 / C

where 

C is a calibration parameter (months) depending on the topography and geohydrological pro-
perties of the basin.

Calculation of the discharge

The total runoff produced by each grid cell is:

Total runoff = Delayed runoff + Direct runoff

The runoff produced by a sub-catchment or the total basin can be determined using

Basin runoff = ∑ Total runoff.
all cells upstream
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Einige Informationen über die:

INTERNATIONALE KOMMISSION FÜR
DIE HYDROLOGIE DES RHEINGE-
BIETES (KHR)

Gründung
1970 Im Rahmen der Internationalen Hydrolo-

gischen Dekade (IHD) der UNESCO.

1975 Fortsetzung der Arbeiten im Rahmen des
Internationalen Hydrologischen Pro-
gramms (IHP) der UNESCO und des
Operationellen Hydrologie-Programms
(OHP) der WMO.

1978 Unterstützung der Arbeiten der Kommis-
sion durch Austausch einer Verbal-Note
zwischen den mitarbeitenden Ländern.

Aufgaben
� Förderung der Zusammenarbeit hydrologi-

scher Institutionen und Dienste im Einzug-
sgebiet des Rheins.

� Durchführung von Untersuchungen über die
Hydrologie des Rheingebietes und Austausch
der Ergebnisse diesbezüglicher Studien.

� Förderung des Austausches von hydrologi-
schen Daten und Informationen im Rheinge-
biet (z.B. aktuelle Daten, Vorhersagen).

� Entwicklung von standardisierten Verfahren
für die Sammlung und Bearbeitung hydrolo-
gischer Daten in den Rheinanliegerstaaten.

Mitarbeitende Länder
Schweiz, Österreich, Bundesrepublik Deutsch-
land, Frankreich, Luxemburg, Niederlande

Arbeitssprachen
Deutsch und Französisch

Organisation
Ständige Vertreter (Sitzungen 2mal pro Jahr)
unterstützt von einem ständigen Sekretariat.
Die Bearbeitung von Projekten wird von Rap-
porteuren und internationalen Arbeitsgruppen
durchgeführt.

Quelques informations sur la:

COMMISSION INTERNATIONALE DE
L’HYDROLOGIE DU BASSIN DU RHIN
(CHR)

Institution
1970 Dans le cadre de la Décennie Hydrologi-

que Internationale (DHI) de l’UNESCO.

1975 Poursuite des travaux dans le cadre du
Programme Hydrologique International
(PHI) de l’UNESCO et du Programme
d’Hydrologie Opérationnelle (PHO) de
l’OMM.

1978 Appui des travaux de la Commission par
l’échange d’une note verbale entre les
pays concernés.

Tâches
� Encourager la coopération entre les insti-

tuts et les services actifs dans le bassin du
Rhin.

� Réalisation d’études hydrologiques dans le
bassin du Rhin et échange de résultats des
études concernées.

� Encourager l’échange de données et d’infor-
mations hydrologiques dans le bassin du
Rhin (p.ex. données actuelles, prévisions).

� Elaboration de méthodes standardisées pour
la collecte et le traitement des données hy-
drologiques dans les Etats riverains du Rhin.

Pays participants
la Suisse, l’Autriche, la République Fédérale
d’Allemagne, la France, le Luxembourg, les
Pays-Bas

Langues de travail
allemand et français

Organisation
Les représentants permanents (réunions deux
fois par an) sont soutenus par le secrétariat per-
manent. Les études sont réalisées par des rap-
porteurs et des groupes de travail internatio-
naux.
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Auswahl der laufenden Arbeiten

‘Änderungen im Abflußregime’
– Beschreibung des Einflusses der menschli-

chen Aktivitäten auf die Rheinabflüsse.
– Bestimmung der Auswirkungen von Boden-

nutzungs- und Klimaänderungen auf das
Abflußregime des Rheins.

– Untersuchungen über Auswirkungen des
Waldes auf den Wasserhaushalt.

‘Fließzeiten’
– Ermitteln von Fließzeiten und Stofftransport

im Rhein zur Verbesserung des Rheinalarm-
modells (in Zusammenarbeit mit der IKSR).

‘Sediment’
– Verbesserung und Standardisierung der Ver-

fahren zur Messung von Schwebstoffgehal-
ten und Bodentransport des Sediments.

– Beschreibung des Sedimenthaushaltes im
Fluß.

‘Fortschreibung der Monographie’
– Übersicht hydrologischer Daten über die

Perioden 1971-1980 und 1981-1990 als
Fortsetzung der im Jahre 1978 veröffentlich-
ten Monographie ‘Das Rheingebiet’.

Fertiggestellte Arbeiten
sie Publikationsliste, Seite 61

Principaux thèmes en cours

‘Changements dans le régime des débits’
– Description de l’impact des activités

humaines sur le débit du Rhin.
– Détermination des effets des changements

du climat et de l’utilisation du sol sur le régi-
me des débits du Rhin.

– Etude de l’influence du forêt sur l’hydrolo-
gie.

‘Temps d’écoulement’
– Détermination des temps d’écoulement et de

transport des substances dans le Rhin pour
l’amélioration du modèle d’alerte du Rhin
(en collaboration avec la CIPR).

‘Sédiments’
– Amélioration et standardisation des métho-

des pour la mesure des matières en suspen-
sion et du charriage de fond.

– Description de la situation de la sédimenta-
tion dans le fleuve.

‘Actualisation de la Monographie’
– Données hydrologiques sur les périodes

1971-1980 et 1981-1990 complétant celles
de la monographie hydrologique ‘le Bassin
du Rhin’ publiée en 1978.

Travaux effectués
voir la liste de publications, page 61
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Enige gegevens betreffende de:

INTERNATIONALE COMMISSIE VOOR
DE HYDROLOGIE VAN HET RIJNGE-
BIED (CHR))

Oprichting
1970 In het kader van het Internationaal Hydro-

logisch Decennium (IHD) van de UNES-
CO.

1975 Voortzetting van de werkzaamheden in
het kader van het Internationaal Hydrolo-
gisch Programma (IHP) van de UNESCO
en het Operationeel Hydrologisch Pro-
gramma (OHP) van de WMO.

1978 Ondersteuning van het werk van de Com-
missie door een nota-uitwisseling tussen
de samenwerkende landen.

Taken
� Bevordering van samenwerking tussen

hydrologische instituten en diensten in het
stroomgebied van de Rijn.

� Uitvoeren van hydrologische studies in het
Rijngebied en uitwisseling van de onder-
zoeksresultaten.

� Bevorderen van de uitwisseling van hydrolo-
gische gegevens en informatie in het Rijnge-
bied (bijv. actuele gegevens, voorspellingen).

� Ontwikkeling van standaardmethoden voor
het verzamelen en bewerken van hydrolo-
gische gegevens in de Rijnoeverstaten.

Deelnemende landen
Zwitserland, Oostenrijk, Bondsrepubliek Duits-
land, Frankrijk, Luxemburg, Nederland

Voertalen
Duits en Frans

Organisatie
Vaste vertegenwoordigers (vergaderingen twee-
maal per jaar) ondersteund door een permanent
secretariaat. Onderzoeken worden door rappor-
teurs en internationale werkgroepen uitgevoerd.

Some information on the:

INTERNATIONAL COMMISSION FOR
THE HYDROLOGY OF THE RHINE
BASIN (CHR

Foundation
1970 Within de frame-

work of UNESCO’s International Hydrological
Decade (IHD).

1975 Continuation of activities in the frame-
work of UNESCO’s International Hydro-
logical Programme (IHP) and the Opera-
tional Hydrology Programme (OHP) of
WMO.

1978 Support of the Commission’s activities by
exchange of a verbal note between the
participating countries.

Tasks
� Support of co-operation between hydrologi-

cal institutes and services active in the catch-
ment area of the Rhine.

� Executing hydrological studies in the Rhine
basin and exchange of research results.

� Promoting the exchange of hydrological data
and information in the Rhine basin (e.g. cur-
rent data, forecasts).

� Development of standardized methods for
collecting and processing hydrological data
in the Rhine riparian states.

Participating countries
Switzerland, Austria, Federal Republic of Ger-
many, France, Luxemburg, the Netherlands

Working languages
German and French

Organization
Permanent representatives (meetings twice a
year) supported by a permanent secretariat. Stu-
dies are carried out by rapporteurs and interna-
tional working groups.
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Belangrijkste lopende onderzoeken

‘Veranderingen in het afvoerregime’
– Beschrijving van de invloed van menselijke

activiteiten op de Rijnafvoeren
– Bepaling van de invloed van veranderingen

in bodemgebruik en klimaat op het afvoerre-
gime van de Rijn.

– Onderzoek naar de invloed van bos op de
waterhuishouding.

‘Stroomtijden’
- Bepaling van de stroomtijden en stoftrans-

port in de Rijn ter verbetering van het alarm-
model voor de Rijn (in samenwerking met
de IRC).

‘Sediment’
– Verbetering en standaardisering van meet-

methoden voor gehalten aan zwevend mate-
riaal en bodemtransport.

– Beschrijving van de sedimenthuishouding in
de rivier.

‘Voortzetting Monografie’
– Overzicht van hydrologische gegevens over

de perioden 1971-1980 en 1981-1990 als
voortzetting van de in 1978 uitgegeven
hydrologische monografie ‘Het stroomge-
bied van de Rijn’.

Afgesloten onderwerpen
zie lijst van publikaties, blz. 61

Selection of current subjects

‘Changes in the discharge regime’
– Description of the impact of human activities

on the Rhine discharges.
– Determination of the effect of changes in

land use and climate on the discharge regime
of the Rhine.

– Research into the effects of forest on the
hydrology of the basin.

‘Travel times’
– Determination of the travel times and consti-

tuent transport in the Rhine for the improve-
ment of the alarm model for the Rhine (in
co-operation with CIPR/IKSR).

‘Sediment’
– Improvement and standardization of

methods to measure suspended load and
bed-load transport.

– Description of sediment characteristics of
the river.

‘Continuation of the Monograph’
– Hydrological data for the periods 1971-1980

and 1981-1990 as a continuation of the
hydrological monograph ‘The Rhine basin’
published in 1978.

Completed projects
see list of publications, p. 61
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